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Materials which possess a high lithium ion conductivity are very attractive for battery and fuel cell appli-
cations. Hydrogenation of the fast-ion conductor lithium nitride �Li3N� leads to the formation of lithium imide
�Li2NH� and subsequently of lithium amide �LiNH2�. Using ab initio molecular dynamics simulations, we
carried out a comparative study of the Li diffusion in these three systems. The results demonstrate that
hydrogen can work as both promoter and inhibitor of Li mobility, with the lowest transition temperature to the
superionic state occurring in Li2NH. Furthermore, we show that the creation of Li vacancies strongly affects Li
diffusion in Li3N, but not so in Li2NH. Finally, we explain our findings with the help of a simple model.
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I. INTRODUCTION

Solid-state systems possessing a high mobility of lithium
ions are of tremendous interest for battery and fuel cell ap-
plications. As a consequence, the research into new materials
with high lithium ion conductivity forms a very active field.
Lithium nitride �Li3N� is one such material in which lithium
ions are known to exist in a highly mobile superionic state.
Hydrogenation of this system leads to the formation of
lithium imide1 �Li2NH� and subsequently of lithium amide2

�LiNH2�, a process which has been proposed3 and further
investigated4–12 for its merits in the field of hydrogen storage
research.13–20 Here we show from first principles that the
step-wise addition of hydrogen to Li3N can act both as a
promoter and inhibitor of the superionic state, and propose a
simple model to explain these surprising findings.

Li3N itself is a prominent example of a superionic con-
ductor, and as such it has naturally been the target of previ-
ous theoretical investigations. Unlike the present study, how-
ever, which is based on first principles, those earlier
molecular dynamics �MD� simulations generally used pair
potentials to determine the forces between the ions. For ex-
ample, Wolf et al.21,22 investigated the transport mechanisms
in Li3N at T=300 and 400 K, and succeeded in qualitatively
reproducing the experimentally observed T-dependent aniso-
tropic mobilities due to the distinct Li�1� and Li�2�
sublattices.21 From an analysis of the Li ion trajectories they
derived the detailed transport mechanisms in Li3N, which
shows highly correlated migrations in the Li2N plane. Even-
tually, for higher temperature, the interplanar interstitials
were found to become more important for conduction.22

Very recently, ab initio path integral molecular dynamics
simulations were combined with 1H NMR experiments to
investigate LiNH2 and Li2NH. The study23 showed that Li
atoms in these systems possess higher mobility and are more
disordered than what is deduced from x-ray scattering data.

This finding confirms our earlier conclusion24 that time-
averaging measurements �such as x-ray or neutron scatter-
ing� in Li2NH will show Li sublattices with a well-ordered
structure �i.e., simple-cubic�, missing the presence of a supe-
rionic state.

II. METHODS

The approach and computational methods employed in
the present study are very similar to those recently used by
us24 to show emergent superionicity in Li2NH at around 400
K. Likewise, this study utilizes ab initio MD simulations,
meaning that all forces were actually obtained from density
functional theory �DFT�25 as implemented in the Vienna
ab initio simulation package �VASP�.26,27 Several other groups
have also recently applied ab initio MD to study diffusion, as
well as structural and vibrational properties in various
hydrogen-rich systems,28–31 showing that it can be a very
useful and reliable computational tool. Our calculations are
based on the generalized gradient approximation �GGA�32

and made use of the projector-augmented wave �PAW�
approach.33 A cutoff energy of 700 eV was used throughout
the simulations which were performed in the canonical
ensemble �with volume, particle number, and temperature
fixed�.

All three systems �Li3N, LiNH2, and LiNH2� were simu-
lated at temperatures ranging from 200 to 700 K with incre-
mental steps of 100 K. Each simulation was allowed to run
for a total of 30000 1-fs time steps, except for the Li3N and
the LiNH2 systems, when both contain a Li vacancy, which
required 120 and 50 ps, respectively, to converge the diffu-
sion coefficients. The first 10 ps were reserved for allowing
the simulations equilibrating to the desired geometry at each
given temperature and were discarded from the subsequent
analysis. Within the equilibration time frame �0–10 ps�, con-
vergence with respect to total energy, velocities, forces, and

PHYSICAL REVIEW B 82, 024304 �2010�

1098-0121/2010/82�2�/024304�5� ©2010 The American Physical Society024304-1

http://dx.doi.org/10.1103/PhysRevB.82.024304


positions was carefully checked. From the data time frame
�after the initial 10 ps equilibration� we then extracted the
target information in the form of mean square displacements,
atomic trajectories, and bond orientation distributions. The
convergence of diffusion coefficients with respect to simula-
tion time was checked. All systems, except for the Li3N and
the LiNH2 systems with a vacancy, were converged after 30
ps. The reason for the long simulation time required in the
Li3N and the LiNH2 systems when both contain a vacancy, is
that only one entity, namely, the vacancy, is diffusing com-
pared to, e.g., Li2NH where all 64 Li are the diffusing enti-
ties. The supercells constructed for Li3N, Li2NH, and LiNH2
contain 108, 128, and 128 atoms, respectively.

In the case of Li2NH, our tests revealed that the system
retains no memory of the choice for the initial structure
�as long as the latter is a reasonable choice� after the equili-
bration time of 10 ps has passed, so that all data extracted
from the data time frame is unaffected by the particular
structure chosen initially. This conveniently allowed us to
avoid the ongoing debate about the correct low-temperature
structures for Li2NH. We have used the optimized structures

of the P6 /mmm and I4̄ phases for the initial structures of
Li3N and LiNH2, respectively. Our calculated lattice param-
eters a=3.64 Å and c=3.88 Å for Li3N, and a=5.01 Å and
c=10.31 Å for LiNH2 compare well with the experimental
values of a=3.637 Å and c=3.870 Å for Li3N,34 and
a=5.034 Å and c=10.255 Å for LiNH2.35

III. RESULTS AND DISCUSSION

The temperature-dependent mean-square displacement
�MSD� for Li ions in Li3N, Li2NH, and LiNH2 is plotted
as a function of time in Fig. 1. Zero-slope MSD curves
indicate that Li stays essentially bound to its equilibrium site,
with the finite height of the MSD level being attributed to
the ion’s vibrational amplitude, which is seen to rise with
temperature. A finite-slope MSD curve is the telltale sign of

diffusion taking place. Thus, in the case of Li3N �Fig. 1�a��,
it is clearly observed from the flat MSD curves for
T=200–600 K that Li does not become mobile until the
temperature has reached 700 K. For Li2NH on the other
hand, Li starts diffusing already at a comparatively low tem-
perature of 400 K �Fig. 1�b��. Finally, for LiNH2, we find
absolutely no mobility of Li in the studied temperature range
�Fig. 1�c��. It is important to note that for all three systems,
the nitrogen atoms remain fixed to their respective equilib-
rium sites throughout the studied temperature range, as can
be seen from Fig. 2. Thus, in those cases where Li becomes
mobile, the system is truly in a superionic state. Our MD
simulations therefore demonstrate that superionicity emerges
already at a lower temperature in Li2NH than in Li3N �and is
completely absent in LiNH2�.

Vacancies can of course have a big effect on the diffusion,
and therefore we have also carried out MD simulations with
Li-vacancies present in all three materials. Vacancies can be
created in three different ways: �1� Frenkel defects, which we
observed at 700 K in the Li3N system, where one Li ion is
pushed out from the Li2N plane into the Li plane, allowing
diffusion within the Li2N plane, �2� nonstoichiometric
growth conditions, and �3� applying an electric field to pull
ions out of the material. To explicitly study the effect of the
two latter possibilities, we have removed one Li atom in each
of the three systems. It should be noted that the vacancy
concentration will have a big influence on the magnitude of
the diffusion; here, however, we are only interested in
whether vacancies affect the diffusion or not. As can be seen
from Fig. 1�d�, a Li vacancy in Li3N allows for the diffusion
to start already below room temperature. In Li2NH, there is
virtually no effect on the MSD when introducing a Li va-
cancy �Fig. 1�e��, and no change in allowed temperature
range for the diffusion can be observed from the coarse set of
temperatures in our simulations. In LiNH2 with one Li va-
cancy, we notice diffusion starting at a temperature of 700 K
�Fig. 1�f��. These results can be interpreted as follows: the Li
sublattices in Li3N and LiNH2 require vacancies in order to
allow for Li diffusion, while in Li2NH, vacancies are appar-
ently not a requirement. The slopes of the various MSD
curves yield the diffusion coefficients which we plot as a

FIG. 1. �Color online� Mean square displacement �MSD� for Li
ions as a function of time in �a� Li3N, �b� Li2NH, and �c� LiNH2

with no Li vacancies. MSD with one Li vacancy in the supercell in
�d� Li3N, �e� Li2NH, and �f� LiNH2. Note that the scale on the y
axis is identical in all six panels to facilitate comparisons.

FIG. 2. �Color online� Mean-square displacement for nitrogen as
a function of time in �a� Li3N, �b� Li2NH, and �c� LiNH2. The scale
on the y axis is identical in all three panels �note that the scale on
the corresponding plots for Li in Fig. 1 is one order of magnitude
larger�. Effectively, almost all MSD curves are seen to run horizon-
tal �zero slope�, indicating that N stays bound to its respective equi-
librium sites. Any parts of the curves which exhibit finite slope
correspond presumably to a slight rearrangement of the anion
sublattice.
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function of temperature in Fig. 3. There it can also be seen
very clearly that the introduction of vacancies does not no-
ticeably enhance the diffusion of Li in Li2NH. Instead, it is
rather the hydrogen content which affects the mobility of the
Li ions in these three systems, and in the following, we will
analyze in greater detail the underlying mechanism for this
behavior.

Figure 4 displays a visualization of the ion trajectories
from our MD simulations for the systems in which no Li
vacancy has been introduced. This helps to underline some
of the findings described above, such as the increase of vi-
brational amplitudes with rising temperature and the onset of
diffusion. But in addition, these plots are very useful in also
showing the particular pathways that diffusing Li ions take in

the different materials. From a three-dimensional �3D� analy-
sis, it becomes apparent that our results for Li3N are in good
agreement with previous findings21,22,36 that showed Li to
diffuse mainly within the Li2N layers �triggered by the for-
mation of a vacancy or Frenkel defect in the system with no
vacancy�, rarely crossing over from one Li2N plane to an-
other, and very little diffusion within the Li layers. Actually,
below 700 K, Li diffusion is observed only for the supercell
containing the Li vacancy, which shows that the ionic con-
ductivity is controlled by the concentration of defects.

The trajectories plot also shows how the hydrogen atoms
in Li2NH and LiNH2 possess a clear orientational preference
at low temperatures, but as the temperature rises, they are
seen to explore an increasingly larger space around the nitro-
gen atoms to which they are respectively bound. This behav-
ior is actually even better captured in the form of a bond
orientation distribution graph, shown in Fig. 5. As can be
seen, in the case of Li2NH at 200 and 300 K, the N–H bonds
deviate only very slightly from their zero-temperature orien-
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FIG. 3. �Color online� Plot of the diffusion coefficients calcu-
lated from the MSD for Li3N �black squares�, Li2NH �blue triangle
up�, Li3N with a Li vacancy �magenta diamonds�, Li2NH with a Li
vacancy �green triangle down�, and LiNH2 with a Li vacancy �red
circle�.

FIG. 4. �Color online� Ion trajectories in Li3N, Li2NH, and
LiNH2, projected into the y-z plane for 300, 500, and 700 K. The
horizontal axis is aligned with the �001� direction while the vertical
axis aligns with �010�. Trajectories are colored red, blue and white
for Li, N, and H, respectively.

FIG. 5. �Color online� Bond orientation distribution plot for
N–H bonds in Li2NH �top panel� and LiNH2 �bottom panel�. The
vertical height of the curves is proportional to how often during the
MD simulation for a given temperature the orientation of any N–H
bond deviated from its respective zero-temperature orientation by
an angle � plotted along the horizontal axis. Also, note that the
number of possible configurations for a particular angle � is pro-
portional to sin �. Hence, a completely random distribution of ori-
entations would show up as a half-period of a sine curve, which can
be seen to emerge for the higher temperature cases in Li2NH. The
respective insets illustrate the definition of �, with the solid struc-
tures referring to the zero-temperature orientation and the slightly
transparent one to an arbitrary example of a finite-temperature ori-
entation �N in blue and H in green�. It is also worth noting that in
the case of LiNH2, the slight elevation of the 700-K curve at around
100° corresponds to an exchange between the two N–H bonds in
the NH2 unit as illustrated in the second inset of the bottom panel.
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tation. But coinciding with the onset of Li diffusion at 400 K,
the bond orientation distribution changes drastically, indicat-
ing that the N–H bonds are in fact accessing every possible
angle �i.e., rotating 360° around� and no longer show any
signs of the original orientational preference. For LiNH2, the
individual N–H bonds of the NH2 units remain within close
vicinity of the zero-temperature orientation �Fig. 5�, merely
vibrating back and forth within a confined angular range. As
a consequence, only a gradual decrease in the peak amplitude
�and a corresponding broadening of the peak� can be ob-
served as the temperature rises. This behavior represents a
very marked distinction from the sudden change seen for
Li2NH at 400 K. It thus seems that the full rotation of N–H
bonds in Li2NH is strongly linked to the promotion of Li
mobility, while the absence of bond rotation in LiNH2 is seen
to be connected to the inhibition of Li mobility.

The presented findings can then be summarized and inter-
preted as follows. In Li3N, the situation is most straightfor-
ward, with N staying fixed in place and Li starting to diffuse
once the temperature is sufficiently high to have a Li atom
overcome the energy barrier of leaving its equilibrium site.
This creation of a Frenkel defect allows for adjacent Li at-
oms to hop there and take its place, and in turn allowing for
new Li atoms to hop. If a vacancy is introduced ad-hoc, there
is no need for the creation of a Frenkel defect, and the dif-
fusion will start at much lower temperatures. As can be seen
from the elevated MSD slope at 700 K in Li3N with a va-
cancy �Fig. 1�d��, having both a created vacancy and Frenkel
defects present, further enhances the Li diffusion.

A different situation is encountered in Li2NH, where the
mobility of Li is closely intertwined with the rotation of H.
Below 400 K, the partially positively charged H atoms an-
chored to N in NH2− need to orient in a certain way to mini-
mize repulsion from nearby positively charged Li ions. But
above 400 K, Li2NH effectively transforms into a solid with
rotationally disordered complex anions, in which the H at-
oms facilitate the diffusion mobility of the Li ions. When a
vacancy is created, however, the anticipated increase in dif-
fusion is absent.

Finally, yet another very different situation prevails in
LiNH2 where the NH2

− units cannot rotate in the same man-
ner as in Li2NH to allow for Li to diffuse and, quite oppo-
sitely, effectively act as a hindrance instead. We believe this
to be the underlying reason why Li is not exhibiting any
mobility in LiNH2 within the studied temperature range. If a
vacancy is created, however, Li diffusion is found at 700 K.
Simultaneously, we can also observe that the NH2 units have
started to rotate. The rotation is not as free as that of the NH
units in Li2NH, but rather a 180° rotation which swaps the
position of the two hydrogen as schematically illustrated in
the inset of the bottom panel in Fig. 5. This swapping motion
gives rise to the trajectories plotted for LiNH2 in Fig. 4.

In Li3N, the nitrogen atoms carry essentially a charge of
3−, which results in a rather strong Coulomb attraction for
the Li+ ions. In addition, the relative abundance of Li leads to
a situation where there is effectively less open space avail-
able for Li to move through the system. A high temperature
of 700 K is therefore required for a Li atom to free itself
from an equilibrium site, creating a Frenkel defect, and thus
initiating the diffusion process of Li ions. In contrast to this,

Li2NH possesses only two Li per formula unit, the third hav-
ing been replaced by a hydrogen atom, which is tightly
bound to nitrogen. On the one hand, this results in a more
open space for Li to move, and indeed we find Li diffusion
onset at a comparatively low temperature of 400 K. On the
other hand, at the same time, the charge state is reduced from
3− in N to 2− in NH and even further down to 1− in NH2.
By this simple argument alone, however, one would expect
LiNH2 to exhibit even higher Li mobility. Instead, we only
find Li diffusion at 700 K when a vacancy has been created.
To understand this counterintuitive behavior, one has to con-
sider again the role played by the hydrogen atoms in the NH
and NH2 units. In Li2NH, the concerted effort of the partially
positively charged hydrogen atoms seems to actively pro-
mote the Li+ diffusion through their respective N–H bond
rotation by momentum transfer to Li ions, thus, helping them
to overcome the energy barrier encountered in the diffusion
process. By contrast, in LiNH2, the two partially positively
charged hydrogen atoms in each NH2 unit cannot assist in
the same manner, but instead they actually lead to “block-
age,” inhibiting the Li+ diffusion, since it is not possible for
two H atoms bound to N in the NH2 unit to move in the same
manner as a single H atom in an NH unit can.

Before arriving at the conclusions, we just want to briefly
discuss one point pertaining to the Li mobility in Li3N for
the case when no Li vacancy was created ad-hoc. On the one
hand, our results clearly indicate that Li self-diffusion in
Li3N does not commence until the temperature has reached
700 K. On the other hand, Li3N is actually known to be a fast
ion conductor, exhibiting high Li mobility even at room tem-
perature. This does not mean, however, that there exists an
actual discrepancy between our theoretical results and ex-
perimental data. Rather, the two refer to distinct scenarios
due to different conditions. Li diffusion requires the creation
of a Frenkel defect, and in reality, at finite temperature, there
always exists a certain concentration of such defects, giving
rise to the particular conductivities measured in experiment.
Likewise, in our molecular dynamics study, Frenkel defects
do occur. In Li3N, the probability for their creation becomes
high enough to encounter them within the simulation period
once the temperature has reached 700 K. In other words, one
has to keep in mind that due to the associated computational
costs, we can only simulate an extremely tiny volume of the
crystal for a very short time span. Under this aspect, it should
not be at all surprising then that Li self-diffusion in Li3N
does not set in below 700 K if no vacancy is created. More
meaningful is the comparison between the three Li-N-H sys-
tems �Li3N, Li2NH, and LiNH2� and the prediction that the
transition temperature to the superionic state is lower for
Li2NH compared to Li3N.

IV. CONCLUSIONS

We have demonstrated through first-principles calcula-
tions that the stepwise hydrogenation of Li3N results in two
very different scenarios, namely one in which hydrogen acts
as a promoter and one in which it acts as an inhibitor of the
superionic state. Thus, in Li2NH, we find that the partially
positively charged hydrogen atoms of the rotationally disor-
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dered NH units actively facilitate the mobility of the Li+

ions, while contrary to that in LiNH2, the NH2 units cannot
rotate in the same manner and ultimately hinder the Li mo-
bility instead. The effect of Li vacancies plays different roles
in the three system. In Li3N and LiNH2, the creation of Li
vacancies can actually promote the diffusion process, while
in Li2NH, the creation of vacancies is not seen to affect the
diffusion process. This tells us that the rate limiting factor for
the Li diffusion changes from the creation of vacancies to the
rotation of NH units as hydrogen is added. While the studied
materials have lately received much attention for their role as
hydrogen storage systems, we believe that our findings re-
garding the effect of the hydrogenation level on the lithium
ion conductivity could also prove quite useful for a broad
range of materials research related to battery and fuel cell
applications.

Finally, we would like to draw attention again to a very
recent investigation23 of LiNH2 and Li2NH which used both
theory and experiment �in the form of 1H NMR measure-
ments� to show that Li atoms in the amide and imide systems

possess higher mobility and are more disordered than what
can be expected based on data obtained from x-ray scatter-
ing. Such a conclusion is in line with our earlier stated
view24 that time-averaging measurements, such as x-ray or
neutron scattering, will show a well-ordered simple-cubic
structure for the cation sublattice in Li2NH, neglecting to
detect the superionic state, which could be experimentally
observed through measurements of the ionic conductivity.
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